Purpose: The primary aim of this proposed study is to evaluate brain reorganization patterns in infants with perinatal stroke between 3 and 5 months of age using transcranial magnetic stimulation and magnetic resonance imaging, with the addition of the General Movements Assessment. A secondary aim is to demonstrate feasibility and safety of infant-appropriate brain assessment protocols. Methods: Ten infants with perinatal stroke will be enrolled. In this exploratory study, infants will first receive magnetic resonance imaging scanning during natural sleep to examine their corticospinal tract integrity. Infants will then receive transcranial magnetic stimulation to assess their corticomotor excitability. A General Movements Assessment video of at least 5 minutes will also be recorded. Discussion: Study results will enhance our understanding of brain reorganization in infants with perinatal stroke. We expect these results will also guide the development of early interventions designed to mitigate maladaptive neuroplastic changes and improve long-term motor outcomes. (Pediatr Phys Ther 2017;29:173-178)
INTRODUCTION
Perinatal stroke refers to ischemic stroke that occurs between the 20th week of gestation and 28 days of postnatal age. 1 The incidence of perinatal stroke can be as high as 1 in 2300 newborns. 1 Infants with perinatal stroke are at high risk of developing hemiparetic cerebral palsy (CP) with motor impairment on 1 side of the body, 2 and the upper extremity being more affected than the lower extremity. Although estimates vary, approximately 50% of infants with perinatal stroke will eventu-
The authors declare no conflicts of interest. DOI: 10.1097/PEP.0000000000000365 ally be diagnosed with CP. [2] [3] [4] Most often the diagnosis of CP is not made during early infancy 5, 6 ; however, the few months after birth may be a "window of opportunity" for infants with perinatal stroke to receive therapy, as this is both a critical period of development and a period of heightened neuroplasticity. 7, 8 There is limited information on how different designs of movement training for infants with perinatal stroke can potentially mitigate maladaptive neuroplastic changes of the brain, such as withdrawal of corticospinal pathways, projecting from the lesioned hemisphere to the contralesional limbs. To develop a rehabilitation intervention to prevent motor impairments or to minimize impairment, within this critical time window, we must first develop efficient and reliable assessments capable of identifying cortical reorganization.
The corticospinal tract (CST) represents the primary conduit for neural signals that control voluntary movements, primarily the trunk and limbs. Some functional CST projections are established at the prenatal stage of development. 9 Postnatally in infants with typical development, concurrent growth of some CST axons, and elimination of others, takes place to refine function. Myelination is ongoing during this refinement process. 10, 11 Ipsilateral and contralateral axonal projections present at birth begin to progressively withdraw in response to activity-dependent competition, with the contralateral projections becoming more dominant. 10, 12 This developmental process has been revealed using transcranial magnetic stimulation (TMS) in a study by Eyre et al, 13 who found evidence of progressively weakening ipsilateral motor responses in infants by 6 months of age. When a unilateral perinatal stroke occurs, the lesioned hemisphere may cease to "dominate" by losing its ability to develop functional crossed CST connections whereas the nonlesioned hemisphere may gain control of bilateral movement via both the crossed and uncrossed corticospinal projections. This maladaptation of the developing brain can have a negative effect on the development and quality of hand function 14, 15 (eg, the development of undesired mirror movements). However, some infants with perinatal stroke do not show significant motor impairments nor can they be identified for early intervention needs in the first few months of life. A better understanding of the relationship between early brain reorganization and abnormal behavior after perinatal stroke is therefore warranted to improve prognosis and to provide targeted interventions for this population.
TMS is a painless and nonsurgical form of brain stimulation that uses the principle of electromagnetic induction applied over the scalp to excite cortical tissue. The use of TMS to examine and modulate corticomotor excitability in children with hemiparetic CP has been conducted without serious adverse events, such as seizure. 11, [16] [17] [18] Some studies reported mild adverse events, such as dizziness and fatigue. 17 Corticomotor excitability assessment using TMS has been conducted on infant populations and has provided information regarding early brain development. For example, Eyre at al 9 performed TMS assessments in 223 preterm and term neonates and compared infant corticomotor excitability and physiological responses with those in adults. They found that infants had slower nerve conductivity. Santiago-Rodrıguez et al 19 recruited both infants with typical development and infants between 1.0 and 5.8 months of corrected age with periventricular leukomalacia (PVL). Using TMS, the authors found that infants with PVL had slower central and peripheral nerve conduction velocities compared with infants with typical development. 19 Importantly, Eyre et al 13 conducted a 2-year longitudinal analysis with infants with typical development and infants with unilateral and bilateral brain lesions. Their results supported that infants with unilateral brain injury gradually lose contralateral CST projections from the lesioned hemisphere and demonstrate hypertrophy of ipsilateral corticospinal projections from the nonlesioned hemisphere. These studies demonstrate the value of using TMS during early infancy and the effect of brain lesions on CST development.
Unlike children and adults, there is added complexity in infants for assessing tolerance to TMS assessment procedures. Obtaining more information about the responses to TMS in infants and details of TMS testing protocols and methodologies will guide the inclusion of TMS assessments for this unique population. Moreover, this information will enhance the future reproducibility of TMS assessment in infants. A detailed infant TMS assessment protocol in this study is described for the investigation of corticomotor excitability and brain reorganization in infants at 3 to 5 months of age following perinatal stroke.
Magnetic resonance imaging (MRI) assists with the early diagnosis of brain lesions in newborns or young infants and can provide details regarding structural changes or connectivity of the brain. For example, Arichi et al 20 found that infants with PVL caused by hemorrhagic parenchymal infarct had suboptimal myelination in the posterior limb of the internal capsule compared with the nonlesioned hemisphere of infants at term equivalent age. With diffusion tensor imaging (DTI) analysis, using fractional anisotropy (FA) and radial diffusivity, they identified an asymmetry of CSTs between lesioned and nonlesioned hemispheres. MRI can also be used to predict future motor outcomes in infants with white matter injuries, brain hemorrhages, and perinatal stroke. [21] [22] [23] [24] In a retrospective study, Roze et al 21 analyzed structural MRI and DTI data from 20 infants with focal brain lesions and demonstrated sensitivities of 73% and 91%, respectively, to predict future abnormal motor outcomes. Van der Aa et al 22 also found that 3-month-old infants with perinatal arterial ischemic stroke, who later developed unilateral motor deficits, had asymmetric CSTs between lesioned and nonlesioned hemispheres. Combining neuroimaging techniques, specifically MRI/DTI, with TMS to assess corticomotor excitability and associated CST integrity may add valuable information on brain reorganization after perinatal stroke.
The General Movements Assessment (GMA) is a method to predict motor development for infants, 25 and especially a future diagnosis of CP. General movements are spontaneous movements that can be observed in fetuses and infants. According to the classification of Prechtl' s Assessment of General Movements, different types of general movements can be observed during the 2 periods of writhing (appearing from preterm age to 6-9 weeks of postterm age) and fidgety movements, which are best observed between 9 and 20 weeks of postterm age. This is the age range, which includes the range chosen for the present study. 25 Fidgety movements have small amplitudes and moderate speed observed from the whole body including the neck, trunk, and proximal and distal limb segments. These movements have variable acceleration and directions when observed in an awake infant. There are 3 categories of fidgety movement assessment: normal, abnormal, and absent. Importantly, if fidgety movements are absent, it is highly probable they will eventually be diagnosed with CP, including hemiparetic CP. [25] [26] [27] Spittle et al 28 found that, when general movements were assessed at 3 months of corrected age in 85 preterm infants, the outcomes were correlated with later diagnoses of CP, with 100% sensitivity, 81.3% specificity, and 82.4% accuracy. Furthermore, in a sample of 903 infants, Romeo et al 29 also had 98% sensitivity and 94% specificity for predicting CP.
The main purpose of this study is therefore to use TMS and MRI to assess brain reorganization in infants with perinatal stroke. With the addition of the GMA, we will begin our study of the association of TMS and MRI measures with GMA measures to guide the design of future trials.
METHODS

Ethical Consideration
The Food and Drug Administration determined that an Investigational Device Exemption is not required for this proposed study. The University of Minnesota Institutional Review Board has approved this study. Approvals by the Human Research Protection Program of University of Minnesota Clinical and Translational Science Institute through its Scientific Review Committee and University of Minnesota Center for Magnetic Resonance Research, as well as the recruitment support letter from Fairview Research Committees of Fairview Health Services, were obtained. This study is registered on clinicaltrials.gov (NCT02743728). Caregivers will be provided oral and written information about the study before meeting with investigators during which their questions will be answered. For example, information will be provided about possible infant responses during data collection. They will then be invited to provide their written consent.
Study Design
This is an exploratory cross-sectional study to collect evidence of brain reorganization patterns in infants with perinatal stroke between 3 and 5 months of corrected age and to demonstrate the feasibility and safety of noninvasive infant-appropriate assessment protocols.
Primary Objective
The primary objective is to compare the corticomotor excitability and CST integrity of the lesioned with the nonlesioned hemispheres in infants with perinatal stroke. Furthermore, different reorganization patterns between infants who are at higher or lower risk for developing hemiparetic CP will be considered. The hypotheses to be tested are:
1. The lesioned hemisphere has lower corticomotor excitability assessed by TMS than the nonlesioned hemisphere. 2. The integrity of the CST projection from the lesioned hemisphere assessed by FA is lower compared with the CST projection from the nonlesioned hemisphere. 3. Compared with the nonlesioned hemisphere, the relatively lower corticomotor excitability of the lesioned hemisphere is associated with lower FA values. 4. Infants with perinatal stroke who have absent fidgety movements have greater between-hemisphere asymmetries in corticomotor excitability and corticospinal integrity than infants with normal fidgety movements.
Secondary Objective
The secondary objective of this proposed study is to evaluate the feasibility and safety of the infant-appropriate TMS and MRI assessment protocols. We predict that seizures or other serious adverse events related to TMS or MRI will not occur in this study.
Enrollment and Recruitment
Infant participants will be recruited in collaboration with the neonatal intensive care unit and neonatal intensive care unit follow-up clinic at the University of Minnesota Masonic Children' s Hospital. The clinical research coordinator will discuss the study with caregivers, whose infants meet the research criteria. With permission from caregivers, 1 researcher from this study will contact the family to explain study details, answer questions, and obtain informed consent if the caregiver agrees for the infant to participate in this study.
Participants and Criteria
Ten infants born at term and 10 infants born preterm will be recruited between 3 and 5 months (12-20 weeks) of age, corrected for prematurity, who have a radiologically confirmed unilateral perinatal stroke. The age range proposed in this study was determined by considering the critical changes in the central nervous system and associated behavioral changes during this period including (1) differentiation of ipsilateral and contralateral CSTs that are detectable using TMS during this age range; (2) the onset of purposeful reaching behaviors combined with increased upper extremity movements that typically occur between 3 and 5 months of age 30 ; and (3) general movements that occur during this age range that have been shown to have good predictability for CP in high-risk infants. Infants who have a history of neonatal seizure whose symptoms are well controlled will be eligible for this study. Infants with genetic disorders, metabolic disorders, neoplasm, disorders of cellular migration and proliferation, traumatic brain injury, MRI-incompatible indwelling medical devices, prior surgeries that constrain spontaneous movements, uncontrolled seizures, or other neurologic disorders unrelated to stroke will be excluded.
General Procedures
This study includes 2 visits. During visit 1, we will perform the MRI scanning at the Center for Magnetic Resonance Research. Within 7 days after the scanning, to avoid developmental changes of the brain, infant participants and their caregivers will attend the University of Minnesota Clinical and Translational Science Institute for the GMA and TMS assessments during visit 2.
MRI Assessment
During the first visit, the MRI scanning protocol will be conducted during natural sleep, without sedation, according to established protocols. 31 One week before the day of visit, caregivers will receive a compact disc or digital file with a recording of the operating sound of the MRI scanner. The caregivers will be asked to play these sounds while the infants sleep to familiarize them with these noises. During the scanning day, the caregiver will feed the infant and then put the infant to sleep in a separate staging room from the MRI scanner, or rock the baby to sleep in the scanner suite. A memory foam mattress for infants will be used to support them firmly and comfortably on the scanner table. Silicone infant earplugs and customized MRI-compatible headphones will be used for ear protection and to diminish noise during scanning and to promote continued sleep. One investigator will stay with the infant throughout the scanning session to monitor the infant' s responses, with the caregiver observing the scanning through the control room window. Infant participants will be scanned on a Siemens Prisma 3T system (Waukesha, Wisconsin). The scan protocol will include structural MRI and diffusion-weighted MRI protocols. CST integrity will be quantified using established methods. 32 The complete MRI data set will be obtained in less than 38 minutes.
TMS Assessment
TMS assessment will be performed during the second visit. Before the stimulation, infants will wear the same type of earplugs used during MRI scanning to protect their hearing from the sound of the stimulator discharging. During the assessment, vital signs, arousal state, and distress responses will be continuously observed and recorded by 1 of the investigators. We have incorporated previously published infant and toddler TMS protocols to develop our infant-appropriate protocol. 13, 19, 33 Under the guidance of a frameless stereotactic neuronavigation system (Brainsight, Rogue Research, Montreal, Quebec, Canada), a TMS coil will be used to deliver the TMS pulses. Each infant' s MRI (T1-weighted structural MPRAGE) will be projected onto the neuronavigation system to assist with localization of the motor cortex, which includes targeting the "hand-knob" location of motor cortex as the potential hotspot. By stimulating the handknob or other excitable locations that control upper extremity muscle activity, single-pulse TMS (Bistim2, Magstim, UK) will be used to assess the responses of both the ipsilateral and contralateral projections from each hemisphere via electromyography (EMG) recording. The EMG signal will be recorded using surface EMG electrodes (EL254, BIOPAC System Inc, Aero Camino Goleta, California) attached over wrist flexors bilaterally while the caregiver interacts with the infants to facilitate their muscle contraction (Figure 1) . We have incorporated a previously published EMG intensity threshold-triggered TMS technique in our protocol. 34, 35 Specifically, the delivery of TMS pulses is triggered when the EMG activity is higher than a predefined threshold. This threshold will be higher than the resting EMG activity observed from each infant. However, the threshold can vary due to electrode attachment, participant' s skin conductivity, skin preparation quality, and electrical environment noise level. This method in our protocol recognizes that resting motor threshold at this age is too high to determine and infants do not consistently contract their muscles during a task such as TMS assessment. Based on infant EMG observations from our pilot testing, we captured optimal resting EMG peak amplitude activity between ±10 and ±20 μV in the wrist flexor and biceps muscles, but we observed cardiac artifact in the biceps EMG recordings bilaterally ( Figure 2) . As a result, we chose the wrist flexor for TMS assessment in this study.
The General Movements Assessment
At the beginning of the second visit before TMS assessment, infants will be videotaped for at least 5 minutes in a supine position wearing a diaper or onesie to allow for the clear observation of trunk and limb spontaneous movements. This video will be recorded when infants are in an awake but calm state. The video will be reviewed to evaluate fidgety movements by a Unauthorized reproduction of this article is prohibited.
certificated investigator who will be blinded to participants' medical information and not involved in TMS and MRI assessments. Fidgety movements can be classified as normal, abnormal, or absent. Because the absence of fidgety movements is highly predictive of CP, TMS and MRI data from infants who do and do not have fidgety movements will be compared. TMS and MRI data from infants with abnormal fidgety movements will be assessed separately because abnormal movements are not predictive of CP, and prediction per se is not an outcome of this preliminary study.
Safety Monitoring Plan and Stopping Rules
We have developed an infant-based TMS and MRI risk mitigation plan. The plan takes into account the potential risks, monitoring, and risk mitigation strategies that are described in the "MRI Assessment" and "TMS Assessment" sections and listed in Table 1 . We will incorporate a follow-up phone call 24 hours and 1 month after participation to continue the assessment of safety and to note any changes in medical status. Followup status for each infant will also be reviewed by the medical monitor.
Statistical Analysis
The corticomotor excitability of lesioned and nonlesioned hemispheres, along with CST integrity, through FA values, will be summarized and compared with paired t tests. The association of the cortical excitability with FA will be evaluated using generalized estimating equations (to account for correlation of paired measurements from each subject: excitability and FA from each hemisphere). Transformations and nonidentity link functions will be considered in exploratory analyses to evaluate nonlinear relationships. The association of movement quality (normal fidgety vs absent fidgety) with cortical excitability and relative tract integrity between hemispheres (ratio of FA values) will be summarized with odds ratios from logistic regression. Safety outcomes will describe adverse events, reporting the number and percentage along with seriousness, severity, frequency (within a subject), and relatedness.
DISCUSSION
The methodologies of TMS were established based on previous literature showing that TMS can detect changes in CST development after 3 months of age. 13 The MRI scanning protocols during natural sleep were introduced by our study collaborator, whose team has successfully completed approximately 100 infant MRI sessions in a longitudinal study of 3-to 24-month-olds with typical development. Because the first few months after birth are a critical time for brain and motor development, we plan to assess measures associated with brain reorganization after perinatal stroke in infants between 3 and 5 months of corrected age.
This study will recruit infants who have perinatal stroke confirmed shortly after birth. This early diagnosis is usually made by brain imaging after an infant shows early neurological signs, such as a neonatal seizure, or an atypical birth history. We will not be able to recruit infants for our study if they have an undetected perinatal stroke and develop neurological impairments some months later. However, as our research pathway progresses, we aim to increase the sensitivity and selectivity of the detection of latent CP for infants with perinatal stroke, to a stage where infants with a questionable diagnosis could be reliably assessed using the combination of the proposed measures. The researcher will observe and interact with the infant to observe/document any atypical facial or body movement throughout the TMS testing.
